Most research on the multimodal perception of material properties has investigated the perception of material properties of two modalities such as vision-touch, vision-audition, audition-touch, and vision-action. Here, we investigated whether the same affective classifications of materials can be found in three different modalities of vision, audition, and touch, using wood as the target object. Fifty participants took part in an experiment involving the three modalities of vision, audition, and touch, in isolation. Twenty-two different wood types including genuine, processed, and fake were perceptually evaluated using a questionnaire consisting of twenty-three items (12 perceptual and 11 affective). The results demonstrated that evaluations of the affective properties of wood were similar in all three modalities. The elements of ''expensiveness, sturdiness, rareness, interestingness, and sophisticatedness'' and ''pleasantness, relaxed feelings, and liked-disliked'' were separately grouped for all three senses. Our results suggest that the affective material properties of wood are at least partly represented in a supramodal fashion. Our results also suggest an association between perceptual and affective properties, which will be a useful tool not only in science, but also in applied fields.
Introduction
When we purchase a product, we look beyond its material properties and examine it in various ways, such as by touching and tapping to hear the sound it makes. This ''multimodality'' method of examination is one aspect of the perception of material properties. In other words, the perception of material properties is not just visual, but can involve multiple senses just like time and space perception.
Previous research on the multimodal perception of material properties has involved the comparison of two modalities, or interactions between two modalities, such as vision and touch (e.g., Baumgartner, Wiebel, & Gegenfurtner, 2013; Lederman, Thorne, & Jones, 1986; Overvliet & Soto-Faraco, 2011) , vision and audition (e.g., Fujisaki et al., 2014) , audition and touch (e.g., Jousmäki & Hari, 1998; Zampini & Spence, 2005) , and vision and action (e.g., Buckingham, Cant, & Goodale, 2009 ). For example, Lederman et al. (1986) demonstrated that the relative weights between vision and touch were considerably altered by directing observers to judge different dimensions of the same textured surface. Strong emphasis was placed either on visual cues regarding the special density of raised dot patterns, or on tactile cues regarding roughness of the same surfaces. Baumgartner et al. (2013) showed that while material categorization performance was less consistent in the haptic condition than the visual one, ratings correlated highly between the two modalities. Overvliet and Soto-Faraco (2011) investigated how vision and touch contribute to the perception of naturalness in wood by comparing four psychophysical measurement methods. Their results show a high degree of consistency across these measurement methods, and that both vision and touch are highly correlated predictors of visuo-tactile perception of naturalness. Fujisaki et al. (2014) recently found a strong interaction between audiovisual material perceptions; for example, an object appearing to be glass was perceived as transparent plastic when paired with the sound of a pepper being hit. They also found that material-category-likelihood ratings follow a multiplicative integration rule, while material-property ratings follow a weighted average rule; both can be interpreted as optimal Bayesian integration. For audition and touch, Jousmäki and Hari (1998) tactile sensations. For example, enhanced high-frequency auditory feedback made palmar skin feel dry and almost like parchment paper. Zampini and Spence (2005) showed that perception of the crispness and staleness of potato chips can be affected by modifying sound produced during the biting action; for example, by varying the loudness and/or frequency of auditory feedback. For vision and action, Buckingham et al. (2009) investigated how visual cues of material properties affect how participants lift objects and perceive their weight, using the classic ''material-weight illusion'' (Seashore, 1899) . They found that after a few lifts, participants scaled their forces to the actual weight of the blocks, implicitly disregarding the misleading visual cues; however, despite this rapid rescaling, participants experienced a robust material-weight illusion throughout the experiment.
Whereas much research has been conducted to investigate the perception of material properties using a single or two modalities, to our knowledge, there is no comprehensive comparison using three or more modalities of perception of material properties. Vision mainly provides us information about an object's surface, audition mainly an object's interior, and touch both surface and interior. Therefore, we expect that a comparison using the exact same materials, participants, and experimental procedures, will provide new information about the three different modalities (vision, audition, and touch) , that cannot be understood by studying only a single or two modalities.
Another aspect of the perception of material properties is the breadth of concepts that are covered, including light reflection qualities such as ''glossiness'' (e.g., Fleming, Dror, & Adelson, 2003; Motoyoshi et al., 2007; Nishida & Shinya, 1998) and ''translucency'' (e.g., Fleming, Jäkel, & Maloney, 2011; Motoyoshi, 2010) ; acoustic qualities such as ''sharpness'' and ''pitch'' (e.g., Aramaki et al., 2011; Giordano & McAdams, 2006; Klatzky, Pai, & Krotkov, 2000; Lemaitre & Heller, 2012; Lutfi & Oh, 1997; Wildes & Richards, 1988) ; tactile qualities such as ''roughness'' and ''hardness'' (e.g., Guest & Spence, 2003; Lederman & Klatzky, 1987; Okamoto, Nagano, & Yamada, 2013 ; see also Klatzky & Lederman, 2010; Whitaker, Simoes-Franklin, & Newell, 2008 for review); aspects of materials themselves such as ''cloth,'' ''wood,'' ''stone, '' ''metal,'' and ''pearl'' (e.g., Fleming, Wiebel, & Gegenfurtner, 2013; Hiramatsu, Goda, & Komatsu, 2011; Sharan, Rosenholtz, & Adelson, 2009; Tani et al., 2014) , and affective properties such as ''prettiness,'' ''fragility,'' ''expensiveness,'' ''liked and disliked,'' ''naturalness,'' and ''genuineness'' (Fleming et al., 2013; Fujisaki et al., 2014; Overvliet & Soto-Faraco, 2011; Overvliet et al., 2008; Rozin, 2005) . Thus, a wide range of concepts has been examined with respect to the perception of material properties.
The present study aimed to clarify the following questions, focusing on the ''multimodality'' and ''breadth of covered concepts'' of the perception of material properties:
[1] When separately evaluating material properties of the same target objects using vision, audition, and touch, would the judgments of affective properties of materials be similar if the target objects were the same, even if the sensory modalities were different? According to Gibson (1966) , sensory stimulation is registered by a set of perceptual systems that are directly responsive to amodal invariants. For example, a fire is a source of four kinds of stimulation: sound, odor, heat, and light. Each type of stimulation specifies the same event, and each alone specifies the event. Gibson (1966) claims that the four kinds of stimulus information and the four perceptual systems are equivalent. Therefore, the perception of fire is simply the reception of information; the perception will be the same regardless of which system is activated, even though the conscious sensations will be different. Material perception involves a wide range of concepts, perceptual properties (such as brightness, pitch), and affective properties (such as prettiness, pleasantness) that are intermixed. Thus, from a Gibsonian point of view, we hypothesize that all three modalities will provide similar results for the perception of affective properties, which are considered to evoke relatively higher levels of processing. [2] Is it possible to understand the relationship between different material properties adjectives by conducting an experiment that combines adjectives covering a broad concept? Can we understand which perceptual properties are related to which affective properties? If we can work towards systematically streamlining the wide range of concepts of material perceptions, it will be useful not only in science, but also in applied fields.
To approach the problem of ''multimodalities,'' we chose wood as the target object from among numerous materials because it is familiar, has an abundance of variations, and contains much visual, auditory, and tactile information. To approach the problem of ''breadth of covered concepts,'' 23 bipolar adjective pairs were used, most of which were selected from the previous literature (e.g., Cunningham et al., 2007; Fujisaki et al., 2014; Fujisawa, Iwamiya, & Takada, 2004; Gabrielsson & Sjogren, 1979; Osgood & Anderson, 1957; Solomon, 1958; von Bismarck, 1974a) . We then conducted a material properties evaluation experiment with 50 participants regarding the same object, using the three modalities of vision, audition, and touch. Identical controlled conditions of evaluation items and participants were used.
Methods

Participants
Participants were 50 paid volunteers (aged 20-40 years old; 26 males, mean age = 28, SD = 4.75; 24 females, mean age = 29, SD = 4.42), who were blind to the study purpose. All had normal or corrected-to-normal vision and hearing, and were right-handed. The experiment was approved by the Institutional Review Board of the National Institute of Advanced Industrial Science and Technology (AIST), and was performed in accordance with the Declaration of Helsinki. All participants provided informed consent.
Selection of materials
Test specimens used in this study are shown in Fig. 1 . Twentytwo varieties of materials, both fake and genuine, were used. Specifically, the materials included 14 varieties of genuine (pure) wood from different tree species, four varieties of genuine wood from 1 species (cedar) processed in different ways, and four varieties of fake wood (wood grain sheets attached to non-wood materials). All specimen sizes were identical: 60 mm wide, 120 mm long and 9 mm thick. Fig. 1a shows the 14 varieties of real wood obtained from different tree species. Of the coniferous trees, three varieties were selected: cedar, Japanese cypress, and pine. Of the broadleaf trees, 11 varieties were selected: falcata (falcataria), poplar, lauan, maple, chestnut, walnut, cherry, oak, teak, guibourtia, and ebony. When selecting varieties, our intent was to include both coniferous and broadleaf trees, and evenly cover everything from extremely soft wood to extremely hard wood. Fig. 1b shows frontal and cross-sectional views of the four test specimens chosen for the comparison of texture based on different processing methods: compressed materials (50% compression rate); heat-treated materials; non-combustible materials (with added chemicals); and heat-treated, non-combustible materials, all of which were cedar. Heat-treated materials (Koshii Super Thermo, Koshii) were processed only with heat and steam and without the use of chemicals, and had the improved characteristics of dimensional stability and anti-rotting. Non-combustible materials (non-combustible Super Panels, Koshii) were processed with a pressurized infusion of flame-retardant chemicals. Materials that were both heat-treated and non-combustible (Koshii Super Thermo (non-combustible), Koshii) were subjected to the heat treatment described previously, followed by a pressurized infusion of flame-retardant chemicals. For comparison, non-compressed, non-processed cedar is also shown in Fig. 1b . The surfaces of the 18 varieties of wood in Fig. 1a and b (all pure, unpainted materials) were sanded with files of the same coarseness (No. 240). thickness) applied to the following materials using double-sided tape (NW-K15, Nichiban): medium density fiberboard (MDF made of radiata pine by Nelson Pine Industries Limited; Urea Light Type 9 mm), plywood (lauan plywood made from two kinds of broadleaf, such as Meranti, Seraya, Mersawa, etc.; by Sanko Plywood, 9 mm), foam core board (The Slim by Dow Kakoh K.K.; cut to a thickness of 9 mm), and artificial marble (acrylic artificial marble by Aica Kogyo; 12 mm piece ground to 9 mm). The first two fake materials are combinations often used in our daily lives, while the latter two are rarely used. For comparison, non-compressed and non-processed cedar is also shown.
All 22 varieties of materials, including genuine and fake, were processed by experts at the Sumitomo Forestry Company factory. For each material, at least four test specimens were made, and from those, the two in the best condition were selected, separated into Series 1 and 2, and used in the experiment. In order to remove effects of test specimen deterioration and change in material temperature on texture, test specimens were kept at room temperature (25 ± 2°C) throughout the day.
Visual stimulus
Photographs of the specimen sets of all 22 varieties were taken. Photography was carried out in a dark room with a photography tent (PLATA Photo Studio, 50 Â 50 Â 50 cm) and two lights (PHOT-OLA, Osato Kakoh). Specimens were set in the tent so that their front side was visible; outside the tent, two lights were placed on each side so that diffused light shone on the specimens. Photographs were taken with a digital camera (Canon IXY 400F) from a distance of 28 cm from the front of the specimens. The photographed data were edited using photo-editing software (Adobe Photoshop Elements 10). Specimens were reduced to an aspect ratio of 1:2 by cutting them a few millimeters from the edge. Then, a visual stimulus file was created by layering on a gray mat background, created from a color sample of the photography tent under the same lighting conditions. Edges were trimmed so that participants could not distinguish genuine and fake materials from their edges, and so that the slight difference in size and distortion that occurred during photography was controlled. The size of the visual stimulus shown on the monitor (Eizo Flexscan L997) at the time of the experiment was equal to the size of the actual materials. Photographed visual stimuli were used instead of actual test stimuli to eliminate the effect of smell. The specimens, especially genuine woods, had fresh, strong smells when they were placed in the viewing distance (57 cm); therefore, there was a concern that we would not have been able to see pure visual effects if the actual test stimuli had been used. Fig. 2 shows the recorded spectrogram and waveforms of sounds made when the 22 varieties of test specimens (used in this study) were tapped. Similar to Fig. 1 , the 14 varieties of genuine wood from different tree species, four varieties of genuine cedar processed in different ways, and the fake wood (wood grain sheets attached to non-wood materials) are shown in Fig. 2a -c, respectively. To create an auditory stimulus, the exact same specimens as in the visual stimulus experiment were used. Two specimens from each material were used.
Auditory stimulus
The sound of a mallet hitting the specimens was recorded in a soundproof room. The room was equipped with a microphone (Audio-Technica MB3K) and a microphone amplifier (Audio-Technica AT-MA2); outside the room, the sound was uploaded via a sound card (M-Audio) to audio editing software (Adobe Audition CS5.5) installed on a laptop PC (Sony Vaio PCG-41414N). To tap the specimens under as uniform conditions as possible, a tapping apparatus was prepared (shown in Fig. 2d ). The apparatus was fabricated by removing all the keys from a xylophone (Yamaha Desktop Xylophone No. 180) so that only the frame was left, placing the specimen piece we wished to record at a fixed position, and hitting the specimen with the mallet (Yamaha MR 930) in accordance with the lever principle. The ball of the mallet was made of Hytrel, and the mallet was similar to those generally used in woodblock and xylophone performances. The point of load on the mallet was set to coincide with the center of the specimen piece, the fulcrum was set at 22 cm from the point of load, and the point of effort was at 36 cm. In the soundproof room, one person pushed down on the point of effort using a finger, so that the distance between the bottom of the mallet ball and the surface of the specimen piece would be 1 cm. The finger was then removed, and the sound made by the mallet hitting the specimen piece was recorded by the microphone set up about 30 cm above the surface of the piece. Another person operated the computer from outside the soundproof room. For all the specimens, at least 10 sounds were recorded. After we checked the sound spectrograms and sound waves, we selected sounds that we subjectively judged to be the ''best'' representatives of the samples. One impact sound, 1 s in length, was cut out from 100 ms before to 900 ms after the onset of the waveform, and a 5 s auditory stimulus was created by repeating the 1 s file 5 times. The editing of the tapping sounds was performed using the same waveform editing software (Adobe Audition CS5.5) as used in the recording. The sound files thus created were loaded into video-editing software (Adobe Premiere Pro CS5.5), and linked to the black-vision screen (background); video files of the sound linked to the black screen were then created. Recorded digital stimuli were used rather than actual test stimuli, because it would have been hard to create such controlled circumstances with live audition.
Tactile stimulus
For the visual and auditory stimuli, photographs and recorded digital stimuli were used. For the tactile stimuli, however, actual test specimens were used. The same test specimens used to create the visual and auditory stimuli were used for the tactile stimuli. The tactile experiment scene and stimulus examples are shown in Fig. 3 . A cardboard box, as shown in Fig. 3e , was specially ordered (Igarashi Danboru Company), and all specimens were placed in the box. The inner dimensions of the box were 130 Â 70 Â 15 mm, with a 40 Â 88 mm window on the top. The participants were asked to insert the index finger of their right hand into this window and touch the specimens. A piece of cardboard was fixed between the specimen and box so that the piece would not move inside the box when touched. If the specimen became dirty during the experiment, for example, from sebaceous matter on the participant's fingertip, the specimen surface was lightly sanded with a No. 240 file, and was wiped with a cloth so it would remain fresh.
Questionnaires
A set of 23 bipolar adjective pairs were used for the experiments, most of which were selected by referring to previous literature (e.g., Cunningham et al., 2007; Fujisaki et al., 2014; Fujisawa et al., 2004; Gabrielsson & Sjogren, 1979; Osgood & Anderson, 1957; Solomon, 1958; von Bismarck, 1974a,b) . For convenience, we first divided the adjectives used for material properties evaluation into two groups. The first group contained adjectives related to perceptual properties, and the second, adjectives related to affective properties. For the first group, adjectives were further divided into visual adjectives (''glossy surface,'' etc.), auditory adjectives (''ringing sound,'' etc.), and tactile, thermal, and other adjectives (''smooth,'' ''warm, '' etc.) . Adjectives related to evaluative judgments and preferences, such as ''expensiveness,'' ''pleasantness,'' ''genuineness,'' and ''liked-disliked,'' were included in the second group (see Table 1 ). In order to cover adjectives of both perceptual properties and affective properties, we created 23 questionnaire items with roughly equal numbers of each (12 for adjectives of perceptual properties, and 11 for adjectives of affective properties). Table 1a -c show the adjective pairs describing the visual (three), auditory (three), and tactile, thermal, and other (six) perceptual properties. Table 1d shows eleven adjective pairs describing affective properties.
We instructed participants that the adjective [fake-genuine] be used in judging whether the ''wood'' was genuine or not. We instructed that the adjective pairs [cheap-expensive, dirty-clean, old-new, unpleasant-pleasant, tense-relaxed, fragile-sturdy, common-rare, plain-sophisticated, boring-interesting, dislikelike] be used for evaluating how they felt about the material. Among these, for [tense-relaxed] in particular, we instructed them to imagine that the material was used in their surroundings, for example, for household goods, interior design, or home or office walls and floors, and to determine whether they would feel tense or relaxed. We instructed that [common-rare] be used to determine whether they were familiar with the material, if they had contact with it in everyday life, and if it was a material they had seen, heard, or touched. As for the descriptive pairs in Table 1a -c that could only be used for judging experimental conditions in the visual modality, such as ''glossy surface,'' we instructed participants to ''imagine'' the condition of the material based on their impressions when they heard and felt it. In the same way, for those adjectives that could not be used for judging conditions other than auditory, such as ''dampened sound,'' we instructed them to answer by imagining what it would sound like when the material was struck (on the basis of their impressions when they saw the image and felt the material). Participants used 7-point scales to rate how well these words applied to each of the stimuli. In the analysis of the material properties, ''1'' was assigned to the first adjective in each pair, and ''7'' to the second. The seven degrees of evaluation were: (1) very much, (2) considerably, (3) somewhat, (4) neither, (5) somewhat, (6) considerably, and (7) very much.
Procedure
Two sessions each were conducted for the visual, auditory, and tactile conditions, using the specimens from Series 1 and 2 (for a total of six sessions). One session consisted of 22 stimuli (pictures of specimens, sounds, or actual specimens) and participants responded using the 23 descriptive pairs by clicking a button on a computer screen. One session took approximately 30 min, with a 15-min break between sessions. The experiment took about 6 h (including instructions and breaks).
In terms of presentation order of the six sessions, the first session was restricted to the visual condition (the presentation of Series 1 or Series 2 was counterbalanced among the participants), and the remaining sessions were presented at random. Although it would normally be desirable (in terms of experimental control) to have all six sessions presented in a random order, the visual condition was presented first, because it was easiest for participants to understand, and we thought it would put participants in a good mood.
The experiment was conducted in a well-lit room. The visual or auditory stimuli, saved as MP4 movies, were presented on a web browser (Mozilla Firefox) through a PHP script running on a computer (Sony, VAIO VPCSE). The movie frame rate was 30 fps and audio sampling frequency was 44 kHz. Visual stimuli were presented on a liquid crystal, vertically positioned monitor (Nanao, FlexScan L997). In each trial, a visual stimulus appeared in the upper half of the monitor screen (a blank screen was presented for the auditory condition). During visual experiments, the distance from the monitor was adjusted to be about 57 cm. The 7-point scale questionnaires were presented in the lower half of the screen. Participants responded by clicking buttons on the screen corresponding to their answers. Auditory stimuli were presented via headphones (Sennheiser HDA 200), using an amplifier (Audio-Technica, AT-HA2) from an on-board audio device (Realtek High Definition Audio). The amplitude of each sound was not normalized across stimuli, because we thought that the amplitude itself might convey information about the properties of a material. Participants were instructed to set the overall volume of the amplifier to a comfortable level. Although sound was only presented during the auditory condition, participants wore headphones the entire time to block outside noises. For tactile conditions, randomized specimen numbers were displayed on the computer to the experimenters without participants being able to see them; experimenters then held out those specimens to participants. The experimental set-up for the tactile conditions and an experimental stimulus example are shown in Fig. 3 . From the opposite side of the partitioning screen, experimenters inserted the specimen into the box; then, participants inserted their hand into the bottom part of the box, which was hidden by a black curtain. They gently touched the material with the index finger of their right hand through the open window on the top of the paper box, and then made a judgment about the material's texture. Participants were instructed to touch the specimen with their finger (not scratch with their nail or tap) and evaluate. For the tactile conditions, a video of just the tip of their finger was recorded, with the participants' prior approval. In order to control the experimental conditions, participants wiped the index finger of their right hand with a wet, and then dry tissue, before the tactile experiments. Prior to the experiment, participants were informed that wood and non-wood specimens would be used; however, specific information regarding the specimens was not provided, to prevent participants from making name-based evaluations rather than perceptual judgments.
Data analysis
Factor analysis was used to investigate the overall structure of the data, and determine whether the evaluations of affective properties of materials using the three modalities were different for the same target object. Next, using multiple regression analysis, we investigated whether affective properties (for example, ''pleasantness'') could be explained based on the perceptual properties of vision, audition, and touch (for example, ''surface brightness''). Finally, with the aim of estimating the processing level of each adjective, we performed inter-participant correlation analysis.
Results
Exploratory factor analysis
For the 23 adjectives used, we performed exploratory factor analysis on each of the visual, auditory, and tactile conditions, with the goal of summarizing similar evaluation patterns. In terms of the data used in the factor analysis, all of the evaluation scores were obtained using the 7-point scales. The maximum likelihood method and promax rotation were used for extraction and rotation. After considering the scree plot and cumulative contribution ratio after extraction (vision: 53%, audition: 50%, touch: 51%), we determined that for vision, audition, and touch, three factors were adequate. Table 2 presents a summary of the items and loadings in each factor for vision, audition, and touch. The distributions of the affective properties obtained with factor analysis are shown in Table 3 . Interestingly, although the order of the factors and the factor loadings were different, the elements of ''expensiveness, sturdiness, rareness, interestingness, and sophisticatedness'' (Factor 1 in vision and Factor 2 in audition and touch) and ''pleasantness, relaxed feelings, and liked-disliked'' (Factor 2 in vision and Factor 3 in audition and touch) were found to be commonly grouped for all three senses. Eight out of eleven affective properties were commonly grouped in all three modalities (''genuineness,'' ''cleanness,'' and ''newness'' were the exceptions, although their factor loadings were generally lower). Thus, even when visual, auditory, and tactile evaluations are carried out separately, they are similar, for the evaluation of affective properties of wood materials. This also suggests that for vision, audition, and touch, wood evaluated as expensive is not necessarily evaluated as pleasant. 
Multiple regression analysis
Multiple regression analysis was performed using the stepwise method to investigate which perceptual properties were related to which affective properties. A model formula with adjectives of affective properties as the dependent variable (Y) and adjectives of perceptual properties as the independent variable (X) was used. For vision, audition, and touch, all models were significant at p < .01.
For vision, multiple regression analysis was performed with ''bright surface,'' ''glossy surface,'' and ''clear surface'' as the independent variables, and the 11 cognitive adjectives of affective properties (''genuine,'' ''expensive,'' ''clean,'' ''new,'' ''pleasant,'' ''relaxed,'' ''sturdy,'' ''rare,'' ''sophisticated,'' ''interesting,'' and ''liked'') as the dependent variables. The standardized coefficients are shown in Fig. 4 . The variance inflation factor (VIF) for each independent variable was less than 1.4, and was confirmed not to be problematic. From Fig. 4 , we can see that the item ''dark surfacebright surface'' is different for each adjective of affective properties. Standardized coefficients were achieved for ''expensive,'' ''sturdy,'' ''rare,'' ''sophisticated,'' and ''interesting,'' in the direction of ''dark surface (À),'' and for ''clean,'' ''new,'' ''pleasant,'' and ''relaxed'' in the direction of ''bright surface (+).'' The organization of these adjectives greatly resembles the factor analysis results. In addition, the contributions of ''surface brightness'' to ''new'' and ''surface glossiness'' to ''sophisticated'' were high, and the only adjective in the negative (matte direction) for ''surface glossiness'' was ''genuine.'' For audition, multiple regression analysis was performed with ''ringing sound,'' ''sharp sound,'' and ''pure sound'' as the independent variables, and the 11 adjectives of affective properties as the dependent variables (Fig. 5) . Because the multicollinearity of the three adjectives of perception of material properties was relatively high for audition, we employed models in which the VIF for each independent variable was less than two. For this reason, in some cases, only one adjective of perception of material properties was employed. Although the coefficients of determination (Model R squares) were generally significant at p < .01, they were relatively low; therefore, the results must be interpreted carefully. However, as shown in Fig. 5 , ''genuine,'' ''clean,'' ''pleasant,'' ''sophisticated,'' and ''liked'' show a very similar pattern, and ''expensive,'' ''relaxed,'' ''sturdy,'' and ''interesting'' also show a very similar pattern. In the former group, ''pure sound'' contributes and in the latter group, ''pure sound'' and ''ringing sound'' contribute. In addition, ''newness'' was the only adjective selected for ''sharp sound,'' and ''rare'' was the only adjective that appeared in the negative direction for ''ringing sound.'' For touch, analysis was performed in the same way as for vision and audition, with ''heavy,'' ''hard,'' ''dense,'' ''wet,'' ''warm,'' and ''smooth'' as independent variables (Fig. 6) . In order to avoid the problem of multicollinearity, the VIF for each independent variable employed in the models were all less than two; however, even then, the coefficients of determination were relatively high. Fig. 6 suggests that standardized coefficients were obtained in the ''heavy (+)'' direction for ''expensive,'' ''sturdy,'' ''rare,'' and ''sophisticated,'' and in the ''light (À)'' direction for ''clean,'' ''new,'' and ''pleasant.'' Essentially, when the shapes are equal, heaviness and density should correlate physically; however, the participants' determination of ''heaviness'' and ''density'' appeared to differ. Another notable point is that the standardized coefficient for ''smooth (+)'' was especially high for ''clean,'' ''new,'' ''pleasant,'' and ''sophisticated.'' In addition, the only adjective that appeared in the negative direction for ''rough-smooth'' (in the direction of ''rough'') was ''genuine.''
Inter-participant correlation analysis (IPC)
Generally, low-level perceptual judgments are considered to demonstrate fewer individual differences than high-level cognitions. For example, if there is a round cake and a square cake, the judgment of which is square and which is round will likely be the same no matter who is judging. On the other hand, the judgment of which looks tasty will vary depending on the person. Therefore, by looking at the IPC values, to a certain degree it may be possible to predict a judgments' processing level. With this motivation, we performed inter-participant correlation analysis.
Specifically, for the evaluations of each adjective for vision, audition, and touch, we sought the correlations between Participant A and Participant B, Participant A and Participant C, and so on, for all 50 participants (1225 pairs). However, for audition, we could not calculate the correlation values for some pairs, because a few participants gave exactly the same judgments for all of the specimens for some of the adjectives. These cases were treated as missing values. We performed one-way within-participants analysis of variance of the resultant values. For all of the visual, auditory, and tactile conditions, the main effect of the adjectives was significant (vision: F(22, 26928) = 400.41, p < .01, audition: F(22, 21560) = 197.92, p < .01, touch: F(22, 26928) = 576.89, p < .01). Fig. 7 plots the mean values (ascending order) and the SE of the inter-participant correlations on the horizontal axis, and lists the adjectives for vision, audition, and touch on the vertical axis. Because the main effect of the adjectives was significant, we performed post hoc multiple comparisons (Bonferroni). The results of this analysis are shown in the Supplementary Tables S1, S2, and S3.
For vision, the judgment of ''dark surface-bright surface'' demonstrates a high value. This suggests that surface darknessbrightness is a low-level perception of a material properties characteristic. In addition, ''heavy-light'' and ''new-old'' also had high values. However, ''surface clarity'' and ''surface glossiness,'' which are thought to reflect low-level perceptions of material properties characteristics, had values lower than for ''surface brightness.'' Overall, the IPC values were not high for audition. However, the values for ''dull sound-sharp sound,'' ''dampened sound-ringing sound,'' and ''mixed sound-pure sound'' were high; these descriptors are thought to reflect low-level perceptions of material Relaxed feelings, pleasantness, likeddisliked and genuiness
Relaxed feelings, pleasantness and likeddisliked
Adjectives commonly grouped in all three modalities are noted in bold and italics.
properties characteristics. Just as with vision, the judgment of ''new-old'' was also comparatively high. For touch, ''rough-smooth'' had the highest IPC values. Unexpectedly, the visual adjective ''matte-gloss'' followed next. This may suggest that participants imagined that rough surfaces were matte and smooth surfaces were glossy. The judgment of ''new-old'' followed. Other low-level tactile perceptions of material properties adjectives, such as ''warmth,'' ''density,'' ''heaviness,'' ''hardness,'' and ''wetness,'' were not shown to be as high. This may suggest that the method used in this study of lightly touching the surface with an index finger does not give much information besides ''surface roughness.'' For vision, audition, and touch, the IPC values had a tendency to be high for adjectives of perceptual properties and low for adjectives of affective properties, though not in all cases.
Subsidiary experiment: comparisons of stone and wood
In the main experiment, as shown in Fig. 7a , the mean IPC values of visual perceptual properties other than ''surface brightness'' were relatively low. Since all of the materials used in the main experiment were types of wood (including genuine, processed, and fake), it is unclear if this pattern of results is specific to wood, or can be generalized to other natural materials. This motivated us to conduct Fig. 4 . Multiple regression analysis in the visual condition. Each graph shows the standardized coefficients when the 11 adjectives of affective properties were the dependent variables and ''matte surface-gloss surface,'' ''dark surface-bright surface,'' and ''dull surface-clear surface'' were the independent variables. ⁄⁄ p < .01, ⁄ p < .05.
a subsidiary experiment using stones, which are also natural materials, but have very different characteristics from wood. Our interest was to see whether a similar pattern (high IPCs for ''surface brightness'' and low IPCs for ''surface glossiness'' and ''surface clarity'') would be observed even when testing with different materials. The apparatus and procedures were the same as in the main experiment, except for the following. Fourteen newly recruited adults (20-35 years old) participated in this subsidiary experiment, none of whom had participated in the main experiment. Two conditions were employed: stone and wood. In the stone condition, photos of five types of stones were used (chalcopyrite, pyrite, galena, siltstone, and basalt) (Fig. 8a) . These photos were borrowed with permission from the database created by the Geological Museum, Geological Survey of Japan, AIST. In the wood condition, five photos of wood were selected from the genuine wood shown in Fig. 1a . Using data obtained from the main experiment, cluster analysis was conducted using 14 genuine types of wood. We then selected five types of wood that belonged to different clusters in order to prevent distribution bias in terms of the selected woods. The selected types of wood were cedar, falcate, walnut, oak, and guibourtia. We did not conduct auditory nor tactile conditions for the subsidiary experiment, because stones . Multiple regression analysis in the auditory condition. Each graph shows the standardized coefficients when the 11 adjectives of affective properties were the dependent variables and ''dampened sound-ringing sound,'' ''dull sound-sharp sound,'' and ''mixed sound-pure sound'' were the independent variables. ⁄⁄ p < .01, ⁄ p < .05.
were part of the showpieces of the museum and unable to be touched or tapped. Fig. 8b and c show the results obtained with the stone and wood conditions (mean inter-participant correlations of 14 participants). From Fig. 8b and c, we can see that the patterns were different between stone and wood. First, one-way within-participant ANOVA was conducted for the stone condition. The effect of adjectives was significant (F(2, 180) = 21.037, p < .01). Because the main effect of the adjectives was significant, we performed post hoc multiple comparisons (Bonferroni). Results of the post hoc analysis indicated that both ''surface glossiness'' and ''surface brightness'' had relatively high values. The results of this analysis are shown in Supplementary Table S4 . Next, one-way within-participant ANOVA was conducted for the wood condition. The effect of adjectives was significant (F(2, 180) = 65.205, p < .01). Results of the post hoc analysis indicated that ''surface brightness'' was significantly higher than ''surface glossiness'' and ''surface brightness.'' The results of this analysis are shown in Supplementary Table S5.
Discussion
Using wood as the target, this study investigated whether perceptual judgments of the material properties of the same object are similar, when independently evaluated through different sensory Fig. 6 . Multiple regression analysis in the tactile condition Each graph shows the standardized coefficients when 11 adjectives of affective properties were dependent variables and ''rough-smooth, '' ''cold-warm,'' ''soft-hard,'' ''light-heavy,'' ''dry-wet,'' and ''sparse-dense'' were independent variables. ⁄⁄ p < .01, ⁄ p < .05
modalities. In addition, by combining perceptual and affective adjectives covering broad concepts, this study examined whether the relationship between different adjectives can be understood.
Exploratory factor analysis was used to investigate whether material properties evaluations (especially those for affective properties) of the same target object were different for the three modalities. Interestingly, although the order of the factors and the factor loadings were different, the elements of ''expensiveness, sturdiness, rareness, interestingness, and sophisticatedness'' (Factor 1 in vision and Factor 2 in audition and touch) and ''pleasantness, relaxed feelings, and liked-disliked'' (Factor 2 in vision and Factor 3 in audition and touch) were commonly grouped for all three senses. Eight out of eleven affective properties were commonly grouped in all three modalities (''genuineness,'' ''cleanness,'' and ''newness'' were the exceptions, although their factor loadings were lower). Therefore, visual, auditory, and tactile evaluations of the affective properties of wood were similar, even when carried out independently. Despite providing different informationvision, primarily an object's surface, audition, primarily an object's interior, and touch, surface and interior-the evaluation of the estimated object (material) is not that different. These findings suggest that an object's expression of high-level, affective material properties is at least partly represented in an amodal (supramodal) fashion (Gibson, 1966) .
Although for vision, audition, and touch, wood evaluated as expensive was not necessarily evaluated as pleasant, expensiveness and pleasantness are generally connected in our daily lives. For example, pleasantness increases with expensiveness for airplane flights, from economy class to business class, and from business class to first class. However, the same simple relationship cannot be found in the perception of the material properties of wood. Wood is a familiar material used in various places in our everyday lives, such as floors, doors, chairs, and desks. Thus, consumers' needs for ordinary and extraordinary may be different in terms of wood. Moreover, although the configuration of factors was similar for vision, audition, and touch, the specific tree species evaluated as ''expensive'' or ''pleasant'' differed for each sense. Using expensiveness as an example, ebony received the highest evaluation for vision, lauan for audition, and cedar (uncompressed) for touch.
1
In the multiple regression analysis, we investigated whether affective properties could be explained from each of the perceptual properties of vision, audition, and touch. For example, in the way that a ''dark,'' ''clear,'' and ''glossy,'' surfaced wood was evaluated as ''expensive,'' ''sophisticated,'' ''rare,'' ''interesting,'' and ''sturdy,'' we were successful to a certain degree in associating low-level perceptual properties and high-level affective properties. However, we examined the correspondence among psychological properties, and not between psychological and physical properties. In the future, it would be useful in the scientific, design, and manufacturing fields, if associations could be made between physical properties (e.g., mean luminance and luminance histogram for vision, sound roughness and sound sharpness for audition, friction coefficient and contact thermal sensation for touch), perceptual properties, and affective properties (c.f., Bergmann Tiest & Kappers, 2006 . In addition, our findings may be useful to professionals who work with wood, such as home designers and builders. These individuals may have first-hand knowledge about how perceptual properties are related to affective properties, but this information may be fragmented and subjective. Therefore, we believe our findings will be useful not only in science, but also in applied fields.
In terms of the IPC analysis, the judgment of ''bright surfacedark surface'' for vision had a high value. For audition, IPC values were generally low, but values for ''sound sharpness,'' ''ringing sound,'' and ''clear sound conditions'' were high. For touch, the highest value was ''rough-smooth.'' Interestingly, the IPC for ''new-old'' was high for all sensory modalities. The results of the multiple regression analysis show that for vision, ''surface brightness'' has a high contribution to ''newness.'' For sound, ''sound sharpness'' contributes to ''newness,'' and for touch, ''smoothness'' contributes to ''newness.'' It is possible that for the judgment of ''newness,'' the easiest to judge, low-level perceptual characteristics are used in each situation and with each sense. While the IPC for ''surface brightness'' was high, the values for ''surface glossiness'' and ''surface clarity,'' were not very high. While this may reflect a difference in information processing, it is more likely that judging the ''surface glossiness'' and ''surface clarity'' of the stimuli utilized in the present experiment was difficult. The subsidiary experiment showed that the IPC value for ''surface glossiness'' was as high as ''surface brightness'' for the evaluation of stones. These results show that different patterns were observed when different materials (stone and wood) were tested, even when the same participants and adjectives were utilized. This suggests that the pattern of results obtained in the present study is specific to wood, and cannot be generalized to other materials. The results also suggest that low IPC values do not always mean a higher processing level. IPC values will be lower if the task is difficult. In the case of wood, information regarding ''surface glossiness'' and ''surface clarity'' was difficult to ascertain. In the case of stone, information about ''surface glossiness'' and ''surface brightness'' were equally useful, resulting in high IPC values for both adjectives. Of importance, these results confirmed that participants correctly understood the concept of ''surface glossiness,'' since they showed high IPC values for ''surface glossiness'' in the stone condition.
Since the stimulus wood was uniformly unpainted to ensure experimental control, there was none with extremely high gloss. In addition, it is possible that due to ambiguous wording about surface clarity, some participants responded according to the woodgrain contrast and others responded according to the presence or absence of subsurface scattering (different depending on fake [wood-grain sheet] and genuine wood). Similarly, values for adjectives of perceptual properties other than ''rough-smooth'' for touch were low, possibly because it was difficult to obtain information other than ''surface smoothness'' during the experiment. Lederman and Klatzky (1987) discussed that specific exploratory procedures appear to be linked with specific object dimensions for touch (e.g., lateral motion for texture, static contact for temperature, and unsupported holdings for weight). In the present study, participants were asked to gently touch the surface with an index finger. They could move or leave their finger on the surface of the specimens, but most did not make static contact, which may have caused difficulty perceiving the temperature. In addition, participants were not allowed to lift the specimens, which may have caused difficulty perceiving weight. Therefore, in order to isolate differences in processing levels of each perceptual adjective, stimuli that ensure ease of identification of different qualities should be employed, adjectives must be worded unambiguously, and participants may need to be able to manipulate objects in future experiments.
In this study, we examined visual, auditory, and tactile modalities independently. However, the ''material properties'' that we actually experience are fundamentally multimodal, in that we touch and hear at the same time as we see. Therefore, to get close to the essence of the perception of ''multimodal material properties,'' it is necessary to investigate situations that combine multiple sensory modalities. This issue is left for future research. In this sense, this study may be considered preparation for conducting a future experiment utilizing multiple senses. In particular, by investigating what happens when a mismatch occurs among the senses (for example, wood that appears to be cedar by vision, but when touched, is not cedar), perhaps we can examine the essence of the perception of wood's ''genuineness'' and ''incongruity.''
Conclusion
In the evaluation of material properties of wood, we found that visual, auditory, and tactile evaluations for affective properties are similar, even when carried out separately. The elements of ''expensiveness, sturdiness, rareness, interestingness, and sophisticatedness'' and ''pleasantness, relaxed feelings, and liked-disliked'' were grouped into separate factors in all three modalities. Our results suggest that affective properties of wood are at least partly represented in a supramodal fashion.
In addition, multiple regression analysis revealed associations between perceptual and affective properties for vision, audition, and touch that were consistent with the factor analytic results. Furthermore, inter-participant correlations were high for ''surface brightness,'' ''sound sharpness,'' and ''surface roughness.'' However, results obtained with a subsidiary experiment comparing stone and wood suggested that this pattern of results might have been specific to wood. Future research should be aimed at investigating whether the findings of the present study regarding the material properties of wood extend to other types of materials.
